Introduction {#s001}
============

Insulin resistance is an underlying pathology in people with type 2 diabetes and its related vascular complications, cancers, and nonalcoholic fatty liver disease (NAFLD) ([@B30]). The liver, a major target organ of insulin, functions as a center to maintain whole-body energy homeostasis by sensing nutrient stimuli and by producing a variety of nutrients and bioactive substances ([@B38]). In an insulin-resistant state, impaired insulin action promotes hepatic glucose production, resulting in systemic hyperglycemia. Further, insulin resistance accelerates the pathology of NAFLD ([@B30]). On the other hand, ectopic fat accumulation in the liver is associated with insulin resistance in the liver and skeletal muscle ([@B16], [@B17]). Therefore, it is indispensable to understand the molecular mechanisms underlying insulin signal transduction and its resistance, especially in hepatocytes.

Selenoprotein P was rediscovered as a diabetes-associated hepatokine that causes the pathology of type 2 diabetes ([@B24]). Findings related to selenoprotein P may help in understanding the significance of redox balance in fine-tuning biological signal transductions. In this review, we propose a concept of selenoprotein P-mediated "reductive stress" in signal transduction resistance that induces the pathology of type 2 diabetes and aging-related diseases.

Oxidative Stress Causes Insulin Resistance {#s002}
==========================================

Chronic oxidative stress induced under the state of obesity or induced by toxic lipids such as free cholesterol ([@B22]) and the saturated fatty acid palmitate ([@B27]) may be an initial event that causes hepatic insulin resistance ([@B21]). Among the various causes of oxidative stress, the production of reactive oxygen species (ROS) by mitochondria or by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase has a causal role in the development of insulin resistance ([@B42]). It has been reported that increased ROS levels trigger insulin resistance in cells treated with tumor necrosis factor α and glucocorticoids ([@B12]).

Specifically, in type 2 diabetes ([@B23]) and conditions of morbid obesity ([@B37]), increased levels of energy substrates such as glucose metabolism-derived acetyl-CoA and fatty acid metabolism-derived acyl-CoA are supplied into the mitochondria and used as substrates for oxidative phosphorylation (OXPHOS) to generate adenosine triphosphate (ATP). As hepatocytes uptake glucose independently of insulin, the excessive influx of glucose may easily activate intracellular OXPHOS in the diabetic condition. Similar to hepatocytes, a high-glucose condition activates OXPHOS in the mitochondria of endothelial cells ([@B29]), which transport glucose independently of insulin action. Mitochondrial OXPHOS is not only a major source of ATP but also a source of ROS production in the majority of cells. Electrons passing down the OXPHOS pathway "leak" from the major path and directly reduce oxygen molecules. Therefore, the increased mitochondrial oxygen flux results in the increased formation of ROS.

This excessive production of ROS is associated with the pathology of several human diseases. A C16:0 saturated fatty acid palmitate stimulates the generation of ROS that activates c-Jun N-terminal kinase (JNK) during β oxidation in the mitochondria ([@B27]). JNK activation causes insulin resistance in the liver, which is complicated with obesity-associated endoplasmic stress ([@B31]). Palmitate-induced production of ROS inhibits insulin signal transduction at the level of insulin receptor substrate-1 through JNK activation in hepatocytes ([@B27]). The upstream molecules that regulate JNK phosphorylation in response to the increases in cellular ROS levels include thioredoxin (TRX) and apoptosis signal-regulating kinase 1 (ASK1) ([@B8]). ROS oxidize TRX and, consequently, remove it from preexisting TRX-ASK1 complexes, resulting in the activation of ASK1 and JNK signaling ([Fig. 1](#f1){ref-type="fig"}). A JNK inhibitor almost completely rescued cells from the palmitate-induced insulin resistance.

![**Oxidation of thiol residues by ROS directly inhibits PTP1B activity.** The structure of the active site and the low pKa of the thiol group of the invariant catalytic cysteine residue render PTP1B highly susceptible to reversible oxidation by H~2~O~2~. Oxidation of its active site cysteine residue abolishes the nucleophilic properties of PTP1B, causing its inactivation. PTP1B dephosphorylates the tyrosine residue of insulin receptor, resulting in the total inhibition of insulin signaling. On the other hand, ROS oxidizes TRX and, consequently, removes it from preexisting TRX-ASK1 complexes, leading to the activation of ASK1 and JNK signaling. It may be possible that the different sensitivity of thiol residue to H~2~O~2~ between PTP1B and TRX determines the insulin signaling. ASK1, apoptosis signal-regulating kinase 1; H~2~O~2~, hydrogen peroxide; JNK, c-Jun N-terminal kinase; PTP1B, protein tyrosine phosphatase 1B; ROS, reactive oxygen species; TRX, thioredoxin. Color images are available online.](ars.2020.8087_figure1){#f1}

On the other hand, unexpectedly, the administration of antioxidants such as N-acetylcysteine (NAC) and α-tocopherol even at maximum concentrations only partially rescued cells from the palmitate-induced insulin resistance, although it effectively suppressed the palmitate-induced activation of JNK ([@B27]). These findings suggest a paradox that antioxidants act as a double-edged sword in insulin action; therefore, the elimination of ROS using antioxidants may rescue the ROS-mediated insulin resistance and may exert a direct negative effect on insulin signaling. In fact, larger clinical intervention trials conducted to evaluate the potential of antioxidant supplements in preventing the development of diabetes could not observe any positive effects ([@B7], [@B18], [@B19]).

Based on these conflicting findings, we hypothesized that excessive removal of ROS from cells does not necessarily ameliorate insulin resistance.

Concentration-Dependent Dual Role of Oxidative Stress in Insulin Signal Transduction in Hepatocytes {#s003}
===================================================================================================

The molecular mechanisms underlying the paradoxical dual action of ROS in insulin signaling may involve intracellular compartments, timing, and concentration of ROS burst affecting insulin signaling. Low levels of ROS are required for normal cellular function and serve as second messengers to promote intracellular signal transduction by hormones such as insulin ([@B10]), angiotensin II ([@B2]), and vascular endothelial growth factor (VEGF). Such physiological levels of ROS are generated primarily at the site of the plasma membrane and endomembranes by NADPH oxidases ([@B44]). In an earlier study, Goldstein *et al.* demonstrated that insulin-induced *in vitro* endogenous hydrogen peroxide (H~2~O~2~) enhances proximal and distal insulin signaling, at least partly through the oxidative inhibition of protein tyrosine phosphatase 1B (PTP1B) ([@B10]), which negatively regulates insulin action by dephosphorylating a tyrosine residue of the insulin receptor ([@B9]).

H~2~O~2~ is a representative membrane-permeable oxidant and the most abundant ROS in the cell ([@B14]). It has dual effects on insulin signal transduction in H4IIEC hepatocytes, and these roles depend on the H~2~O~2~ concentration used. Treatment with high concentrations (10--25 μ*M*) of H~2~O~2~ was found to reduce insulin-stimulated Akt phosphorylation by activating JNK, whereas lower concentrations (5--10 μ*M*) of H~2~O~2~ rather enhanced this phosphorylation by suppressing PTP1B activity ([@B14]). These results are consistent with those of another previous report showing that blood concentrations of H~2~O~2~ are ∼1.7 ± 2.5 μ*M* in healthy humans ([@B3]). Therefore, depending on its concentration, and irrespective of the subcellular compartments in which it acts, H~2~O~2~ exerts a positive or negative effect on insulin signal transduction in hepatocytes. These findings suggest that the intracellular concentration of ROS themselves is a major factor in determining whether ROS impair or enhance insulin signaling.

The structure of the active site and the low pKa of the thiol group of the invariant catalytic cysteine residue render PTP1B highly susceptible to reversible oxidation by H~2~O~2~ ([@B1]) ([Fig. 1](#f1){ref-type="fig"}). Oxidation of its active site, the cysteine residue, abolishes the nucleophilic properties of PTP1B, resulting in its inactivation. PTP1B dephosphorylates the tyrosine residue of the insulin receptor, leading to the total inhibition of insulin signaling. Several types of phosphatases are known to inactivate the insulin signaling cascade by dephosphorylating different types of downstream effectors of insulin. Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) dephosphorylates phosphatidylinositol 3, 4, 5-trisphosphate (PIP3) to terminate PI3 kinase signaling, resulting in the selective inhibition of PI3 kinase/Akt signaling. PTEN is also inactivated by H~2~O~2~-induced oxidation as well as by PTP1B ([@B20]).

It is known that H~2~O~2~ exerts both positive and negative effects on insulin signaling within a relatively narrow concentration range of 5--50 μ*M* ([@B14]). JNK and phosphatases such as PTP1B may be candidate molecules that determine the thresholds for the diametrical effects of H~2~O~2~ on cellular insulin signaling ([Fig. 1](#f1){ref-type="fig"}). It may be possible that the action of H~2~O~2~ on cellular insulin signaling is determined by the net balance between the inactivation of PTP1B (enhancer for insulin signaling) and the activation of JNK (inhibitor for insulin signaling) ([Fig. 1](#f1){ref-type="fig"}). For example, 10--50 μ*M* of H~2~O~2~ significantly decreased the activity of PTP1B, whereas these concentrations of H~2~O~2~ robustly increased the phosphorylation of JNK simultaneously ([Fig. 2](#f2){ref-type="fig"}). As a result of the summation of these two opposite factors, insulin-induced Akt phosphorylation was impaired by 25--50 μ*M* of H~2~O~2~, suggesting that the increase in JNK activation has a greater influence on net insulin signaling than the inactivation of PTP1B at these concentrations of H~2~O~2~. On the other hand, 5 μ*M* of H~2~O~2~ induced a significant decrease in PTP1B activity without increasing JNK phosphorylation ([Fig. 2](#f2){ref-type="fig"}), resulting in the enhancement of insulin-stimulated Akt phosphorylation. These results suggest that the decrease in PTP1B activity exerts a greater influence than the increase in JNK phosphorylation in cells treated with 5 μ*M* of H~2~O~2~. Previous *in vitro* studies have indicated that PTP1B may be ∼20-fold more susceptible than TRX, an upstream regulator of JNK, to oxidation by H~2~O~2~ ([@B46]). Therefore, the dual actions of H~2~O~2~ in insulin signal transduction in hepatocytes may arise from the difference in susceptibility to H~2~O~2~ between PTP1B and TRX ([Fig. 1](#f1){ref-type="fig"}).

![**Differential thresholds of PTP1B and JNK to ROS.** Insulin signaling is balanced by the negative regulators PTP1B **(A)** and JNK **(B)**. Low doses of H~2~O~2~ are sufficient to inhibit PTP1B activity **(A)**, whereas high doses of H~2~O~2~ are required for JNK activation **(B)** ([@B14]). The different thresholds of PTP1B and JNK may cause the dual action of H~2~O~2~ in insulin signaling. Therefore, insulin signaling becomes enhanced under weak oxidative stress, whereas it is impaired under strong oxidative stress ([@B14]). \*\**p* \< 0.01, versus untreated control. Color images are available online.](ars.2020.8087_figure2){#f2}

Next, it was tested whether the antioxidant NAC attenuates the dual actions of H~2~O~2~ in insulin signal transduction ([@B14]). Pretreatment of H4IIEC hepatocytes with NAC at a concentration of 10 m*M*, which corresponds to the maximum concentration of NAC commonly used in *in vitro* experiments, was sufficient to quench H~2~O~2~ at up to 50 m*M*. Moreover, NAC impaired the insulin-stimulated phosphorylation of Akt in the absence of H~2~O~2~. NAC also canceled the signal-enhancing action of low concentrations of H~2~O~2~. On the other hand, unexpectedly, NAC did not rescue the insulin resistance mediated by the high concentration of H~2~O~2~ ([@B14]), suggesting that excessive quenching of ROS by NAC rather impairs insulin signaling even in the pathological insulin resistance caused due to oxidative stress. Cells treated with H~2~O~2~ plus NAC showed lower levels of ROS than those in the absence of H~2~O~2~, suggesting that NAC at a concentration of 10 m*M* exerts an excessive potent antioxidative capacity. Therefore, pretreatment with NAC inhibits insulin signaling generally by attenuating the insulin-induced production of endogenous H~2~O~2~ required for the suppression of phosphatase activity due to its strong antioxidative capacity.

Selenoprotein P as a Hepatokine That Causes the Pathology of Type 2 Diabetes {#s004}
============================================================================

The liver is a control center for systemic nutrient homeostasis. The liver functions as a center to maintain whole-body energy homeostasis by sensing nutrient stimuli and by producing a variety of nutrients and bioactive substances. Based on the fact that fat accumulation in the liver is associated with insulin resistance in the skeletal muscle, we hypothesized that a liver-derived hormone, hepatokine, affects the insulin sensitivity in distant organs. Information about human hepatic gene expression accumulated using serial analysis of gene expression technique ([@B39]) and DNA chip methods ([@B23], [@B37], [@B40]) was used to identify genes with signal peptides whose hepatic expression levels significantly correlated with glycemic control, obesity, or insulin resistance. Expression of the candidate hepatokine genes was further evaluated in various animal models of diabetes, obesity, and fatty liver. Based on the results of these approaches, we isolated 62 candidate genes for hepatokines associated with insulin resistance, hyperglycemia, and obesity.

Of these candidates, the *SELENOP* gene encoding selenoprotein P was identified as a gene whose expression levels positively correlated with insulin resistance and hyperglycemia ([@B24]). In fact, serum levels of selenoprotein P were elevated in people with type 2 diabetes and significantly correlated with fasting plasma glucose and HbA1c levels ([@B24]). It has also been reported that selenoprotein P is the most abundant selenoprotein in plasma and is primarily produced in the liver. The selenoprotein P molecule contains 10 selenocysteine residues per molecule ([@B4], [@B33]). *SELENOP* is upregulated by selenium supply, followed by incorporation into selenocysteine. The expression of *SELENOP* is also regulated through the transcription factors FoxOs and SREBP-1 ([Fig. 3](#f3){ref-type="fig"}).

![**Selenoprotein P causes the pathology of type 2 diabetes through reductive stress.** Selenoprotein P expression is regulated positively with glucose and negatively with insulin. Selenoprotein P causes insulin resistance in the liver ([@B24]), exercise resistance in the skeletal muscle ([@B25]), insulin secretory failure in β cells ([@B26]), VEGF resistance in vascular endothelial cells ([@B13]), and myocardial ischemic**--**reperfusion injury *via* IGF-1 resistance ([@B6]), all of which are involved in diabetic complications and aging-related diseases. IGF-1, insulin-like growth factor-1; VEGF, vascular endothelial growth factor. Color images are available online.](ars.2020.8087_figure3){#f3}

Studies have shown that insulin downregulated SELENOP by phosphorylating and inactivating FoxO1 ([@B34]), whereas the antidiabetic drug metformin activated adenosine monophosphate-activated protein kinase (AMPK), phosphorylated and inactivated FoxO3a but not FoxO1, and thereby downregulated SELENOP in hepatocytes ([@B41]). Eicosapentaenoic acid, one of the ω-3 polyunsaturated fatty acids, downregulates *SELENOP* by inhibiting nuclear transport and promoter binding of SREBP-1c ([@B36]) ([Fig. 3](#f3){ref-type="fig"}).

It is known that selenoprotein P functions as a selenium transporter protein from the liver to the peripheral organs and as an antioxidant protein ([@B4]). However, its role in energy metabolism has still remained unknown. An earlier study showed that mice in which the antioxidant hepatokine selenoprotein P was deleted were protected from high-fat-diet-induced insulin resistance in the liver and skeletal muscle ([@B24]). It has been reported that selenoprotein P causes insulin resistance in the liver, at least in part, by inactivating AMPK ([@B24]). Selenoprotein P also induces exercise resistance in the skeletal muscle ([@B25]), impairs insulin secretion from β cells ([@B26]), impairs angiogenesis by inducing VEGF resistance in vascular endothelial cells ([@B13]), and enhances myocardial ischemic**--**reperfusion injury through insulin-like growth factor-1 resistance ([@B6]), all of which are involved in diabetic complications and aging-related diseases ([Fig. 4](#f4){ref-type="fig"}).

![**Selenoprotein P causes VEGF resistance and impairs vasculogenesis through reductive stress.** In HUVECs, ROS burst is required for VEGF signal transduction by shutting down phosphatase PTP1B. Selenoprotein P scavenges the ROS burst required for signal transduction and thereby induces "VEGF resistance" in endothelial cells ([@B13]). HUVECs, human umbilical vein endothelial cells. Color images are available online.](ars.2020.8087_figure4){#f4}

Selenoprotein P Causes Signal Transduction Resistance Through Reductive Stress {#s005}
==============================================================================

In previous studies, it was an unexpected finding that the antioxidant selenoprotein P causes insulin resistance because oxidative stress associated with obesity and fatty liver was a well-recognized causal factor for hepatic insulin resistance ([@B21], [@B22], [@B27]). Again, selenoprotein P functions as a redox protein through its intrinsic TRX domain and by distributing selenium to the intracellular glutathione peroxidases glutathione peroxidase (Gpx1) 1 and 4 ([@B4], [@B33]). In fact, mice lacking Gpx1, a key cytosolic enzyme involved in the removal of ROS, were protected from high-fat diet-induced insulin resistance ([@B20]). These findings provide causal evidence for the enhancement of insulin signaling by ROS *in vivo.* It might be possible that selenoprotein P eliminates a physiological ROS burst that is required for insulin signal transduction and thereby causes insulin resistance, the condition referred to as reductive stress. In fact, large-scale intervention studies and observation studies have demonstrated that selenium supplementation that upregulates selenoprotein P was paradoxically associated with an increased risk for diabetes in humans ([@B35], [@B45]).

Impaired angiogenesis induced by VEGF resistance is a hallmark of the vascular complications of type 2 diabetes. Selenoprotein P impairs angiogenesis/vasculogenesis through resistance to VEGF ([@B13]) angiogenesis ([Fig. 4](#f4){ref-type="fig"}). Specifically, physiological concentrations of selenoprotein P inhibit the VEGF-stimulated cell proliferation, tubule formation, and migration in human umbilical vein endothelial cells (HUVECs). Wound closure was impaired in mice overexpressing *SELENOP*, whereas it was improved in *SELENOP*−/− mice. *SELENOP*−/− mice displayed an increase in blood flow recovery and vascular endothelial cells after hindlimb ischemia. It was observed that VEGF binding to VEGF receptor 2 (VEGFR2) stimulated NADPH oxidase to generate ROS at the site of the plasma membrane in endothelial cells ([@B43]). This transient ROS burst oxidizes and inactivates protein tyrosine phosphatases, which negatively regulate VEGF signaling and thereby promote VEGFR2 phosphorylation and the subsequent signaling cascade ([@B43]). Selenoprotein P suppresses the VEGF-induced generation of ROS and the phosphorylation of VEGFR2 and extracellular signal-regulated kinase 1/2 in HUVECs ([@B13]). These data suggest that selenoprotein P exerts reductive stress that negatively regulates VEGF signaling and thereby inhibits angiogenesis ([Fig. 4](#f4){ref-type="fig"}).

Another example of the selenoprotein P-mediated reductive stress is the exercise resistance ([Fig. 5](#f5){ref-type="fig"}). It is known that physical exercise has health-promoting effects in humans. However, its effects on enhanced endurance capacity vary among individuals. Specifically, people with type 2 diabetes tend to exhibit a poor response to exercise in hypoglycemia, which limits the benefits obtained from the health-promoting effects of physical exercise. It has been believed that such exercise resistance is determined by genetically and/or epigenetically altering the expression of the genes involved in skeletal muscle biology and exercise effects such as peroxisome proliferative activated receptor γ coactivator (PGC)-1α, peroxisome proliferator-activated receptor β/δ, and pyruvate dehydrogenase kinase 4. We found that mice with *SELENOP* deletion exhibited the "super-endurance" phenotype, which is characterized by increased exercise sensitivity and endurance capacity, through the upregulation of ROS that phosphorylates AMPK in the skeletal muscle ([Fig. 5](#f5){ref-type="fig"}). Downstream of PGC-1α, the mRNA levels of mitochondria-related genes and genes encoding antioxidative enzymes such as uncoupling protein 3 (*Ucp3*), estrogen-related receptor alpha (*Essra*), catalase (*Cat*), and mitochondrial superoxide dismutase 2 (*Sod2*) were upregulated in exercised *SELENOP*-deficient mice compared with those in exercised wild-type mice.

![**Exercise resistance caused by selenoprotein P-mediated reductive stress.** Exercise generates ROS, activates AMPK, and thereby activates PGC-1α leading to mitochondrial biogenesis, redox induction, and slow fiber switch. Overproduced selenoprotein P is transported *via* its receptor LRP-1, which is one of the LDL receptor family members, eliminates exercise-induced ROS, and cancels aerobic exercise capacity ([@B25]). Such reductive stress may be a causal factor for "exercise resistance" in diabetes. Inhibiting the production or receptor binding of selenoprotein P may be the therapeutic target to enhance exercise in people with diabetes. AMPK, adenosine monophosphate-activated protein kinase; LDL, low-density lipoprotein; LRP-1, low density lipoprotein receptor-related protein 1; PGC, peroxisome proliferative activated receptor γ coactivator. Color images are available online.](ars.2020.8087_figure5){#f5}

Exercise-induced generation of ROS not only causes oxidative damage but also functions as signaling molecules mediating beneficial molecular adaptations ([@B28]). AMPK is activated by acute exposure to ROS ([@B5]) and upregulates PGC-1α, which has a major role in exercise-mediated muscle adaptations ([@B15]). Therefore, the exercise-mediated generation of ROS may mediate the effects of exercise training on activating AMPK and PGC-1α in the skeletal muscle. It may be possible that increased levels of selenoprotein P in the diabetic state eliminate the exercise-evoked generation of ROS and thereby diminish the health-promoting effects of exercise. In fact, supplementation with the antioxidant NAC was found to cancel the exercise-induced production of ROS and reduce endurance capacity after chronic exercise in *SELENOP*-deficient mice ([@B25]). In cultured C2C12 myotubes, selenoprotein P treatment impairs the ROS-induced AMPK phosphorylation. Selenoprotein P also reduces the mRNA levels of *Ppargc1a* gene, which are canceled with the knockdown of AMPKα 1 and 2 ([@B25]). In addition, increased levels of circulating selenoprotein P can predict the ineffectiveness of training on endurance capacity in humans ([@B25]). Indeed, supplementation with antioxidants such as vitamin C and vitamin E was found to abolish the exercise-induced molecular alterations and limit the positive effects of exercise training on endurance capacity in humans ([@B11], [@B32]).

These findings suggest that adequate oxidative stress is required for the health-promoting effects of exercise. Selenoprotein P weakens the exercise-evoked activation of AMPK and thereby hampers the effects of exercise on endurance capacity through reductive stress ([Fig. 5](#f5){ref-type="fig"}). Therefore, selenoprotein P may be the first identified intrinsic factor that renders reductive stress, causing exercise resistance, which may be the therapeutic target against diseases associated with a sedentary lifestyle such as diabetes and obesity.
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